Introduction
The population of adults with congenital heart disease (CHD) has risen dramatically over the last 60 years, in large part due to the successes of cardiac surgery and paediatric cardiac care. In most western civilizations, >85% of babies born with CHD can now be expected to survive to adulthood. Almost 1 in 100 babies are born with CHD, and the adult population of patients in Europe is estimated at 2.3 million, in the USA >1 million, both outnumbering the paediatric CHD population. [1] [2] [3] This review examines the unique challenges that the surgical and medical community, as well as the patients themselves, face. Some challenges have largely been overcome but some remain to be solved, and there are even some unexpected new challenges which have emerged. This review is divided into three specific areas; the challenges for the surgeons, the general cardiologists and the CHD subspecialists, and importantly the challenges for patients themselves, exploring some of the challenges of the past, the present and continuing challenges yet to be overcome.
Surgical challenges of the past
Robert W. Gross, first successfully ligated a patent ductus arteriosus in 1938, and Clarence Crafoord successfully resected an aortic coarctation in 1944. The Blalock-Taussig shunt in 1944, the connection between a subclavian and pulmonary artery, increased pulmonary blood flow in cyanotic infants with pulmonary stenosis, dramatically transforming a blue baby to pink within a few minutes. These, however, were all operations outside the heart, and the conventional wisdom was, as stated by Billroth in 1883, 'a surgeon who tries to suture a heart wound deserves to lose the esteem of his colleagues'. The major surgical challenge was to open the heart and maintain circulation to the brain. In 1952 at the University of Minnesota, the first hypothermia was accomplished on a 5-year-old girl cooled to 81 F (27 C) with tourniquets on the veins and an atrial septal defect (ASD) was closed in just over 5 min by F. John Lewis. Twenty patients were subsequently operated on successfully using this technique. At Mayo Clinic, John Gibbon was developing the first heart/lung bypass machine, and in 1953 he used it to close an ASD in an 18-year-old woman. He lost his next two patients, however, utilizing this technique and then gave up. In March 1954, a 13-month-old boy with a ventricular septal defect (VSD) was operated on by C. Walton Lillehei in Minneapolis, utilizing the first cross circulation with the boy's father for 19 min on a pump. The VSD was closed and the boy began to recover, but succumbed to pneumonia 11 days postoperatively. Undeterred, a few days later Lillehei closed the VSD in a 3-year-old boy using cross circulation with his father. This young boy survived and, indeed, is still alive today. Lillehei continued to utilize this cross circulation, although lost several of his early patients. 4 Postoperative complications including heart block were potentially fatal, but Lillehei persevered, and later that year repaired the first case of tetralogy of Fallot. At Mayo Clinic, John Kirklin enhanced Gibbon's mechanical pump oxygenator and used it for intracardiac repair in 1955. These early pioneering surgeons lost many of their initial operative cases but persevered thus, the era of surgical repair of CHD began with increasingly innovative surgeries ( Table 1) .
Current challenges for the surgeons
Despite the surgical triumphs, however, considerable challenges remain for the congenital heart surgeon of today. No cardiac surgical repair can be considered 'curative', perhaps with the exception of the successfully ligated patent ductus arteriosus. Trivial cardiac lesions are likely to progress becoming more dysfunctional with age e.g. abnormal valves may become fibrotic and calcify, and tissue valve replacements and conduits degenerate with time, necessitating repeat operation. 5, 6 Reoperations for the CHD surgeon are particularly challenging since many adults are facing not just their second operation but sometimes their fourth, or fifth (or more) sternotomy. 7, 8 A redo sternotomy when a calcified conduit or dilated aorta lies immediately posterior to, and sometimes adherent to the sternum, is particularly difficult with concerns for arterial or cardiac injury and catastrophic haemorrhage. 9 Scar tissue is often extensive, ventricular function may be impaired, and vascular access for cardiopulmonary bypass may be limited. Comorbidities such as renal and hepatic dysfunction and coronary artery disease pose additional perioperative challenges. Patient outcomes are improved when surgeons with training and expertise in adult CHD perform these procedures, and the perioperative care involves a multidisciplinary team with training and expertise in adult CHD. 10, 11 Although interventional therapies play an increasing role, and boundaries between surgeon and interventionist continue to blur, determining which procedure is most appropriate for an individual patient remains a challenge.
Challenges for the cardiologists
General cardiologists face difficulties caring for adults with CHD as they usually have no specific CHD training and their major focus is directed towards acquired cardiovascular diseases. Major effort must be put forth in educating them about CHD since they have little knowledge of the anatomy, pathophysiology and therapeutic concepts, and may not even consider the diagnosis of CHD although patients often present for the first time in adulthood. 12 For example, patients with systemic hypertension rarely have their femoral pulses palpated, and thus a coarctation is missed. Even when CHD has been diagnosed, the most common mistake encountered in practice is that of late referral. There is a misconception that patients should not be referred for operation until they are symptomatic and patients with no knowledge of 'normal' may have profound exercise limitation and advanced ventricular dysfunction by the time they are referred to a Figure 1 Chest X-rays of a 62-year-old woman known to have Ebstein's anomaly since childhood. She had heart failure, ascites and severe tricuspid regurgitation for more than a decade. Her chest X-ray (left) reveals severe cardiomegaly with right atrial and right ventricular enlargement and a cardiothoracic ratio >90%. On a 6-min walk she only accomplished 450 m. Despite increased surgical risk she underwent a tissue tricuspid valve replacement and her chest X-ray 1 year later is shown (right) demonstrating marked improvement in heart size and on exercise treadmill she accomplished 114% functional aerobic capacity. CHD centre. This is particularly true for patients with Ebstein's anomaly ( Figure 1 ) who may have severe right ventricular (RV) enlargement and severe tricuspid regurgitation (TR) at the time of referral, making operative repair more hazardous and ventricular recovery less likely. 13, 14 The same is true when the right ventricle is the systemic ventricle e.g. those with congenitally corrected transposition of the great arteries (TGA). In this anomaly, the right atrium connects to the morphologic left ventricle which gives rise to the pulmonary artery, and the left atrium enters the morphologic right ventricle which gives rise to the aorta. Thus there is a 'double disconnect' with atrio-ventricular (AV) discordance and ventriculoarterial discordance, but blood flows in the correct direction (albeit through the wrong ventricle), hence the term 'congenitally corrected TGA' (Figure 2) . In this situation, the tricuspid valve still enters the morphologic right ventricle (systemic ventricle) and is frequently malformed, dysplastic, and often displaced inferiorly (Ebstein malformation of the systemic AV valve). In adults, regurgitation of this tricuspid (systemic) AV valve is common, leading to systemic ventricular dysfunction from longstanding volume overload. 15 Early systemic AV valve replacement, before systemic ventricular function deteriorates, can halt the decline of ventricular dysfunction, 16 yet most adults are referred when heart failure and severe systemic AV valve regurgitation has been present for months. 17 The concept that this systemic right ventricle is 'doomed to fail' is flawed, and survival to the ninth decade has been observed by the author.
Patients with prior reparative surgery also pose challenges for the general cardiologist. These surgeries are often designated 'total correction' and, as described earlier, there is little CHD which is completely corrected by surgical repair. This is important because both patients and physicians may have the mistaken belief that they no longer require follow-up, yet complications such as arrhythmias, endocarditis, pulmonary vascular disease, ventricular dysfunction and especially reoperation are often part of the anticipated complications. Cardiologists often have little knowledge of the residua and sequelae of such operations and fail to recognize important symptoms and clinical signs. Echocardiographic imaging is more challenging in patients with prior surgeries, and when not performed by those with expertise in CHD, diagnoses can be missed. 18 A common example is that of repaired tetralogy of Fallot. The most common residual hemodynamic abnormality is pulmonary regurgitation (PR) since surgical repair involves closing the VSD and resection of the infundibular stenosis, often patching across the RV outflow to permit adequate egress of blood to the pulmonary artery. This distorts the pulmonary valve resulting in PR which is well tolerated for years, but as RV enlargement progresses and ventricular dysfunction supervenes, adults often present with arrhythmias (both atrial and ventricular) and exercise intolerance. 19 The murmur of PR is easy to miss since it is soft and of brief duration and the lesion is easy to overlook on transthoracic echocardiography since PR flow may be laminar (Figure 3) . 20, 21 An important diagnostic clue may be the chest X-ray since, after a good repair the heart size should be normal; an enlarged heart is often a sign of PR ( Figure 4) . Such patients need pulmonary valve replacement before RV dysfunction supervenes with its' increased risk of ventricular arrhythmias and sudden death. Such delays in care lead to needless disability and loss of life. How does the general cardiologist access such knowledge, who do they phone when clinical questions occur and where do they send patients when urgent clinical issues arise? They need quick and easy access CHD centres, and since there is still a shortage of such centres, these may not be easily accessible in close geographic location.
Challenges for the adult congenital heart disease cardiologist Significant challenges also remain for the CHD subspecialist and for the trainee wishing to pursue this as a career. Background training may be adult cardiology, paediatric cardiology or a combination of medicine and paediatrics; however a mandatory period of training in adult CHD is necessary. 22 Fewer than ten centres offer subspecialty training in the USA however, and despite the shortage of trained subspecialists, very few open consultant positions are available. Even when a consultant position is obtained, it is difficult to spend 100% of clinical time devoted to adult CHD and other cardiac competencies are usually required as a 'back-up' to generate sufficient revenue while the CHD practice is being developed. 12 Bridging the gap between paediatric and adult cardiology is also a challenge-one physician may not have admitting privileges in another hospital, particularly when they are not closely geographically located. The development of an adult CHD programme requires collaboration between paediatric and adult cardiology, as well as institutional commitment with administrative and financial support. This requires resources to enhance and expand services as well as a commitment to track and measure results to improve patient volumes and facilitate quality improvement. This necessitates the development of a database. It is necessary to build an interdisciplinary team to care for patients' complex needs including in other medical disciplines, and within cardiology, infrastructure and disciplines must be built to perform appropriate imaging, electrophysiology, etc. (Table 2) , particularly to treat the most common complications of arrhythmias and heart failure. All of this is important as patients' age and acquire comorbidities such as hypertension and coronary artery disease, necessitating an integrated multidisciplinary approach requiring expertise beyond the scope of paediatric cardiologists. Integral to this is at least one cardiac surgeon with training and expertise in adult CHD. Facilities for in-hospital care must be available as well as easy access for referral. This is all resource intensive and requires a huge time commitment-often best accomplished by a 'champion' with vision and motivation to engender institutional and colleague support. The time commitment necessary to make this a success cannot be overstated. Once established, the additional time required of the adult CHD specialist is significantly greater than for most subspecialty cardiology practices. In the USA, insurance obstacles remain, necessitating letters to insurance companies to convince them of the need for patients to have subspecialty care. This problem is still common despite the American College of Cardiology/American Heart Association (ACC/AHA) guidelines and describing exactly which patients should be seen at adult CHD centres. 23 Letters to employers are often required for work restrictions, shift restrictions, disability, etc. Patients are encouraged to call when there are questions or concerns-all of which requires a cardiac care team willing and able to promptly respond to both patient and providers' concerns. Education remains a major challenge for the CHD subspecialist. This includes education of general cardiology fellows, 22 as well as the training of subspecialty CHD fellows who must complete 2 years of additional training. 23 These responsibilities ensure that more CHD cardiologists will be available to care for the growing community of patients and that cardiologists in practice will be more familiar with the complexities of CHD and the need to establish a relationship with a centre where patients can be referred. Continued education of both adult and paediatric cardiologists is essential, and the education of patients is vital since many have little or no understanding of their CHD, cannot name it correctly, and not know what surgeries they have had. Many have no awareness of the need for regular dental hygiene, endocarditis prophylaxis and little knowledge of what their future might hold in terms of potential complications and reoperations. 24 This lack of education contributes to barriers to future care and hinders the opportunity for a patient to develop lifelong self-advocacy and self-care and fully participate in shared decision-making. 25 This educational responsibility is an important component of both outpatient and inpatient practice for the CHD provider, and is enhanced by brochures and on-line educational materials, as well as allowing patients access to their medical records or giving them a medical 'passport' outlining prior operations and recent clinical and imaging data.
Challenges for the patients
While the adult CHD population comprises a wide diversity of complexity and experiences, there remain many who are unaware, uninformed and uneducated about their cardiac situation. 24, 26 This is surprisingly true for patients who have had previous cardiac surgery-often euphemistically titled 'total correction'. This misnomer fosters the mistaken belief in the physician and patient that he or she is 'cured' and therefore an understanding of the congenital defect is unnecessary and, being graduated from care, cardiac follow-up is unnecessary. This underscores the importance of paediatric cardiologists educating parents and children about their disease. For some patients, the inevitable late result of their cardiac surgery is ventricular dysfunction and heart failure. An example is the Mustard operation for d-TGA: an 'atrial switch' procedure in which a surgically constructed atrial baffle redirects blue blood into the left ventricle and then the pulmonary artery, and oxygenated blood from the pulmonary veins into the right ventricle which pumps to the aorta. This was a life-saving operation for these cyanotic infants who usually do well for decades, but the systemic right ventricle ultimately fails with progressive TR ( Figure 5) . 15, 27, 28 For the majority of such patients, cardiac transplantation is their only hope for the future. Other sequelae of reparative cardiac surgeries include arrhythmias, endocarditis, pulmonary vascular disease and reoperation. These reoperations are difficult and frightening for those facing a third or fourth sternotomy with its' attendant potential for morbidity and higher mortality than a first-time operation. Despite these long-term complications, and explicit recommendations from the ACC/AHA, 29 European, 30 and Canadian guidelines 31 that patients with moderate and complex CHD should be followed regularly in adult CHD centres, many are lost to follow-up. Data from Germany 32 and Canada 33 where health care is free, demonstrate that almost two-thirds of patients are not seeing a medical practitioner, and if they are, it is likely to be an Internal Medicine or Family Practice physician rather than a Cardiologist. Thus, in addition to medical mistakes, patients fail to receive appropriate advice about issues such as pregnancy, contraception, employment, sports and non-cardiac surgery. 25, [34] [35] [36] Successful transition and transfer of care from paediatric cardiology to an adult CHD specialist often fails to occur for many reasons including initiating discussions early in adolescence and a lack of formal transition programs. 37, 38 In the USA, In parts of the world, patient-support groups have developed which provide education, peer support and advocacy; in the USA the Adult Congenital Heart Association (www.achaheart.org) has been a major resource. Their discussion board provides insights into shared experiences and challenges patients face and provides a 'window' into some of their perspectives and experiences. Some report surprise and anger after learning they needed another operation when they believed themselves 'fixed'. Others, though significantly impaired, may perceive their exercise capacity as satisfactory having never experienced what 'normal' is and report 'I feel fine'. They may fail to seek care or accept perfunctory care, accepting what they see as 'their lot' and if they do receive reparative care are often surprised at how good they feel. Difficulties in the emergency room are frequently encountered and patients are often frightened by the lack of knowledge of medical personnel at such times, and frustrated at their unwillingness to contact their CHD provider. 39 Patients share huge frustrations of trying to navigate the health care system. Remarkably, despite the lifelong challenges these patients face, they report that in some respects their experiences with CHD have provided them with a 'gift', allowing them to develop greater resilience, empathy and a heightened sense of the value of life and what is really important. This is exemplified by a quotation from the website. 
Conclusions
Over the last six decades a remarkable success story is the development of a growing community of adult CHD survivors. Despite this success, challenges remain for surgeons, cardiologists and especially patients themselves ( Figure 6 ). In many countries, the number of specialist centres and specially trained cardiologists is limited. Education of paediatric and adult health care providers, as well as education of patients is vital, so they can share responsibility for their life and care, and this education should begin in adolescence with structured transition programs. Enhanced advocacy and policies recommending specialized care for adult CHD patients will be important along with research and quality metrics to ensure the continued health of this extraordinarily courageous group of patients.
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